Our previous work established linear-double-stranded DNA (ldsDNA) as innovative biological parts for building low noise-signal ratio AND gate circuits in mammalian cells. Here by introducing NNK degenerate codon nucleotides to ldsDNA terminals, we developed a novel methodology for building highly diverse peptide library. Deep sequencing results revealed that our novel method could generate peptide library with both amino acid sequence and peptide length diversities. Here for the first time, our work established ldsDNA as biological parts for building highly diverse peptide library in mammalian cells, which showed great application potential in generating antigen-receptor (antibodies and T-cell receptors) repertoire and functional peptide libraries.
Introduction
In mammalian, highly diverse repertoires of antigen-receptors (antibodies and T-cell receptors) are generated by V(D)J recombination mechanism during the early stages of T and B cell maturation [1] [2] [3] .
In V(D)J recombination process, variable (V), diversity (D, heavy chains only) and joining (J) gene fragments undergo nearly random recombination, making contributions to the diversity of antibodies and T cell receptors (TCRs) repertoires ( Figure 1A ). Furthermore, during VD or DJ junction formation, indels (nucleotides insertion or deletion) introduced by terminal deoxynucleotide transferase (TdT),
Artemis nuclease, DNA polymerase or NHEJ pathway members also contribute to antigen-receptor diversity 4, 5 . Diversity (D) gene fragments together with nucleotide sequences surrounding VD and DJ junction encode the hypervariable complementarity determining region 3 (CDR3), which is located in the antigen binding surface and determines antigen-receptor specificity ( Figure 1B ) 6 . Recently, high-throughput sequencing (HTS) technology was employed to explore the diversity of TCR CDR3 7 .
These sequencing results showed that the CDR3 peptide complexity came from the combination of amino acids sequence diversity with peptide chain length dynamics [8] [9] [10] [11] .
We previously applied linear-double-stranded DNA (ldsDNA, or PCR amplicon) as novel biological parts to implement Boolean logic AND gates in mammalian cells 12 . Via splitting essential gene expression cassette into signal-mute ldsDNA, our strategy achieves two or three-input AND gate calculation with a low noise-signal ratio both in vitro and in vivo. Moreover, we showed ldsDNA with one or two additional terminal nucleotide(s), which leads to reading frame shift, could undergo end-processing and produce in-frame AND-gate output proteins. These characteristics of ldsDNA-based AND gate calculation is similar to V(D)J recombination. In this study, we employed terminal-NNKs-ldsDNA-based AND-gate calculation to generate highly diverse peptide library ( Figure 1C ).
Materials and Methods

Cell culture
HEK293T cell line was maintained in Dulbecco's modified Eagle medium (DMEM) (Thermo Fisher) containing 10% fetal bovine serum (FBS) with 1% penicillin-streptomycin solution at 37 degree with 5% CO 2 .
ldsDNA synthesis
KOD DNA polymerase (Toyobo) was used to amplify ldsDNAs (PCR amplicons) taking pEGFP-C1
(Clontech) plasmid as template. To remove plasmid template and free dNTPs, PCR products underwent agarose electrophoresis and gel-purification (Universal DNA purification kit, Tiangen).
The amount of PCR products was determined by OD 260 absorption value. PCR primer and ldsDNA sequences were present in Table 1 and Supplementary Materials, respectively.
ldsDNA transfection
HEK293T cells were seeded into 6-well plates the day before transfection (60% -70% confluency).
500 ng/well of each input amplicons (total 1000ng/well) were transfected into cells with Lipofectamine 2000 (Invitrogen) reagent following standard protocol.
RNA extraction, cDNA synthesis and PCR amplification
48 h after transfection, total RNAs were extracted by RNAiso Plus (Takara) reagent. cDNA was synthesized by PrimeScript TM RT reagent Kit with gDNA Eraser (Takara) following standard protocol.
KOD DNA polymerase (Toyobo) was used to amplify the sequences surrounding the ldsDNA junctions.
Library construction and high-throughput sequencing
Library construction and high-throughput sequencing were conduct by Novogene (China). Sequencing libraries were generated using TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina) following manufacturer's recommendations and index codes were added. The library quality was assessed on the Qubit Fluorometer and Agilent Bioanalyzer 2100 system. At last, the library was sequenced on an Illumina HiSeq 2500 and 250 bp paired-end were generated.
Data analysis
Paired-end reads from the original DNA fragments are merged using FLASH 13 , a very fast and accurate analysis tool which is designed to merge paired-end reads when there are overlaps between reads 1 and reads 2. Paired-end reads was assigned to each sample according to the unique barcodes.
Reads were filtered by QIIME quality filters. Random nucleotide sequences generated by ldsDNA-based AND gate computation were extract by in-house Perl scripts.
Results
Rational of generation highly diverse peptide library by ldsDNA-based AND gate calculation
Our previous work showed that ldsDNAs (PCR amplicons), split from intact gene expression cassettes (containing promoter, gene coding sequence and polyA signal), could undergo reconnection to form one output-signal-generating molecule 12 . Here we hypothesized that ldsDNAs with terminal NNK degenerate codons could generate highly diverse peptide libraries through AND-gate calculation ( Figure 1C ).
Taking pEGFP-C1 vector as PCR template, primers with multiple NNK-trinucleotides were used to generate ldsDNAs with terminal degenerate codons ( Table 1) 6, CMV-Kozak-<NNK> 15 with <NNK> 0 -GFP-SV40 PAS (45N-0N for short).
48h after transfection, total RNA was extracted and cDNAs were synthesized via reverse transcription. Nucleotide sequences surrounding the junctions between two ldsDNA-inputs were PCR amplified and were then subjected to pair-end high-throughput sequencing.
Characteristics of peptide library generated by ldsDNA-based AND gate calculation
Reading frame phase characteristics of terminal-NNKs-ldsDNAs-based AND-gate computation generated nucleotide sequences were present in Figure 2 . The in-frame nucleotide sequences (3n) were it comes to quintuple-amino-acids (5AA), all 6 libraries showed very low coverage levels (< 10%).
Discussion
Here by AND-gate computation of terminal-NNKs-ldsDNAs, we developed a novel method to generate highly diverse peptide library in mammalian cells. This peptide library is characterized by both amino acids sequence diversity and peptide length dynamics, which is similar to hypervariable CDR3. This study provides novel methodology for the generation of highly diverse repertoires of antigen-receptors and functional peptide libraries.
In mammalian, both antibodies and TCRs composed of two different protein chains, heavy chain and light chain. The assortment of heavy and light chains also contributes to antigen-receptor diversity.
However, unless employing single cell sequencing methods, it's hard to connect heavy chains to their paired light chains 14 . Single-domain antibodies, referred to as nanobodies, are usually derived from camelids, which make a unique subset of antibodies consisting of heavy-chain homodimers devoid of light chains 15, 16 . Nanobodies are extremely stable, smaller in size (about 15 kDa) and could bind antigens with affinities in the nanomolar range [17] [18] [19] [20] . Using our ldsDNA-based AND gate strategy, highly diverse nanobody library could be generate without considering the pairing between heavy and light chains. The complexity of this library comes from CDR3 (from ldsDNA-based AND gate calculation) and multiple V gene segments (contribute CDR1 and CDR2) ( Figure 1B ).
Chimeric antigen receptor (CAR) T cell therapy showed great promise in cancer treatment [21] [22] [23] The ldsDNAs generated by this AND gate computation could not be amplified in mammalian cells.
Although little portion of these ldsDNA could integrate into chromosomes, most of ldsDNA will be lost during cell proliferation. Recently, several strategies have been developed to promote chromosomal integration of ldsDNAs [26] [27] [28] . After integration into the genome, the ldsDNAs could be remembered by cells leading to persistent protein expression.
In summary, we applied ldsDNA-based AND gate calculation to generate highly diverse peptide library, which may have great application potential in building highly diverse antigen-receptor repertoire and functional peptide libraries. Rational of tumor-specific antigen profiling by T-cell with ldsDNA generated highly diverse antigen-receptor library. T-cells from cancer patients are introduced with terminal-NNKs-ldsDNAs, thereby generating highly diverse antigen-receptor library by AND-gate computation. Then T-cell would be infused into human bodies. Tumor sampling and high-throughput sequencing would be employed to explore tumor-antigen. Antigen-receptors binding to tumor-antigen would be used to develop multiple tumor-antigen-targeting CARs for tumor therapy. Table 1 . List of PCR primers used in study. NNKNNKNNKNNKNNKATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCAT  CCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCG  AGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGC  CCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCT  ACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCC  AGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAG  TTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGA  CGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCAT  GGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGG  ACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCC  GTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAAC  GAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGC  ATGGACGAGCTGTACAAGTCCGGACTCAGATCTCGAGCTCAAGCTTCGAATTCTGCAGTC  GACGGTACCGCGGGCCCGGGATCCACCGGATCTAGATAACTGATCATAATCAGCCATACC  ACATTTGTAGAGGTTTTACTTGCTTTAAAAAACCTCCCACACCTCCCCCTGAACCTGAAAC  ATAAAATGAATGCAATTGTTGTTGTTAACTTGTTTATTGCAGCTTATAATGGTTACAAATA  AAGCAATAGCATCACAAATTTCACAAATAAAGCATTTTTTTCACTGCATTCTAGTTGTGGT  TTGTCCAAACTCATCAATGTATCTTAACGCGTAAATTGTAAGCGTTAATATTTTGTTAAAA  TTCGCGTTAAATTTTTGTTAAATCAGCTCATTTTTTAACCAATAGGCCG   ><NNK> 0 -GFP-SV40 PAS   ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGA  CGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCT  ACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCA  CCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGA  AGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCT  TCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACC  CTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGG  GCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGA  AGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAG  CTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGAC  AACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCA  CATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTA  CAAGTCCGGACTCAGATCTCGAGCTCAAGCTTCGAATTCTGCAGTCGACGGTACCGCGGG  CCCGGGATCCACCGGATCTAGATAACTGATCATAATCAGCCATACCACATTTGTAGAGGT  TTTACTTGCTTTAAAAAACCTCCCACACCTCCCCCTGAACCTGAAACATAAAATGAATGC   AATTGTTGTTGTTAACTTGTTTATTGCAGCTTATAATGGTTACAAATAAAGCAATAGCATC  ACAAATTTCACAAATAAAGCATTTTTTTCACTGCATTCTAGTTGTGGTTTGTCCAAACTCA  TCAATGTATCTTAACGCGTAAATTGTAAGCGTTAATATTTTGTTAAAATTCGCGTTAAATT  TTTGTTAAATCAGCTCATTTTTTAACCAATAGGCCG 
Amplicon
